Using radio-tracers, we measured Na and K' accumulation in roots and transport to shoots in Zea mays (cv Pioneer 3906) as a function of NaCI concentration and 02 partial pressure in the nutrient solution. Under fully aerobic conditions, roots partially excluded Na from the shoots over a wide range of NaCI concentration (0.2-200 millimolar).
greater amounts of Na4 reached the shoots, with simultaneous inhibition of K' transport. The ratio Nae/K' entering the shoot consequently increased 90 to 200 times. Increases in Na' transport were rirst detected when the 02 partial pressure was reduced from ambient (21% v/v) to 15%, whereas K' transport was not inhibited until 02 concentrations were <5%. Since soil 02 deficiency can often accompany high salinity in irription agriculture, failure of the Na' exclusion mechanism may be a contributory factor in salinity damage of salt-sensitive glycophytes.
Irrigation agriculture in arid and semiarid climates frequently leads to an accumulation ofsalts in the soil, restricting the growth and yield of many crops. On a global scale, approximately onethird of all irrigated land is affected by excess salinity (6) , with a reduction in crop performance in the most salt-sensitive species or varieties with NaCl concentrations above 10 to 20 mm (22) . Such crops are damaged when abnormally large amounts of sodium (or sometimes chloride or sulfate) are transported from the roots to the leaves (8) . Salt tolerance in many nonhalophytes is associated with exclusion of sodium by the roots from the shoot, by two mechanisms: first, an outwardly directed active transport of Na+ at the plasmamembrane of root cortical cells results in extrusion of the ion towards the outer medium (14, 26) and second, resorption of Nae from the xylem sap and its accumulation by xylem parenchyma cells in the root and stem base lessens the quantity that reaches the leaves (12, 17, 29, 33) . In some species, xylem parenchyma cells become specialized as transfer cells (17) . Either mechanism of Na+ exclusion might in principle be impaired by interference in energy-dependent ion transport, and it is noteworthy that abnormal amounts of Na4 uncoupler such as 2,4-dinitrophenol (24) or in anaerobic (02 free) nutrient solution (4, 9) .
Water saturation (flooding) of the soil occurs with irrigation followed by slow drainage, or as the result of a rising water-table. It can quickly lead to depletion ofthe soil 02 (10, 23, 30) through the respiration ofroots and soil micro-organisms especially when temperatures are high, with consequent inhibition of root growth and function (5) . The soil environment is particularly adverse where irrigation leads both to high water-tables and to excess salinity, as in the San Joaquin Valley, CA. Flooding the soil impairs the uptake and transport to the shoot of nutrient ions more than photosynthesis or dry matter accumulation, so that the concentrations of N, P, and K in leaves decline (20, 21) . The concentration of Na+, however, increases under these conditions, suggesting that a breakdown in the mechanism of Na+ exclusion could be a contributory factor in plant damage.
The object of the present work was to characterize the root controlled mechanism by which Na+ is excluded from corn (Zea mays), a moderately salt-sensitive species (22) , by examining the sensitivity to O2 partial pressure and to a wide range of NaCl concentrations. The movement to the shoot of an essential cation, K+, was also followed. We used an early maturing variety of corn grown in California, and show that it contrasts in its ability to exclude Na+ compared with a European variety described in earlier work (4 before the addition of radioisotopic tracers, and were continued for the remainder of the experiment. The culture vessels were bubbled with air (controls) or with certified standard mixtures of 02 and N2 supplied commercially, or with O2-free N2 gas. Nutrient solutions, previously equilibrated with the appropriate gas mixture and containing the required concentration of NaCl, were replenished finally about 1 h before the introduction of radioisotopes. In earlier experiments we checked that the concentration of dissolved O2 in the solution, analyzed by GC (4), accurately reflected the equilibrium partial pressure of02 in the gas mixture: that is, there was no detectable contamination by entry of air.
For solutions bubbled with N2, the dissolved O2 partial pressure was <0.5% (v/v) (<0.5 kPa), compared with 20.8% (v/v) for airsaturated solution.
Radioisotopic Tracers. Additions of isotopes began about 6 h after the start of the photoperiod, with carrier-free 22Na (6 MBq) and 42K (60 MBq) as KCI/L of nutrient solution. Plants were removed from solutions after 24-h uptake, and the roots were rinsed twice, for 1 min each, in 2-L volumes of distilled H20 to remove ions from the film of water associated with the roots. The roots, mesocotyl and shoots were separated from each other, blotted on filter paper, and weighed. Plant samples were then placed in glass vials and ashed in a muffle furnace at 575°C for 8 h. The residue was dissolved in 10 ml of water (2 ml for mesocotyls) and a 1 -ml volume was withdrawn for radioisotopic assay by liquid scintillation using Beckman 'ReadySolv' liquid scintillation cocktail. Initially, both 22Na and 42K were counted together; but the separate contribution of42K was obtained by allowing42K to decay (7 d) and making a second count for 22Na
alone. Volumes of the labeled uptake solution were counted so that the specific activity (cpm,umol-') of the two tracers could be used to estimate Na+ and K+ uptake by plants.
Chemical Analysis. The concentrations of Na and K in the aqueous solution of the mineral residues, and in the uptake solution, were determined by flame emission spectrophotometry.
Statistics. Statistical significance of differences between means are based on t tests and an analysis of variance. There were eight replicate plants in each treatment throughout this paper.
RESULTS
Effects of Root Anoxia on22Na' and42K' Uptake and Transport with 0.2 to 5.0 mm NaCl. Net uptake or accumulation of 22Na+ in roots was appreciably increased by anoxia only at 0.2 and 1.0 mm concentrations of NaCl (TableI) while accumulation of 42K+ was always greatly restricted by anoxia. Much greater amounts of 22Na+ were transported to shoots when roots were anoxic, while the transport of 42K+ to the shoots was reduced to only 4% of the aerobic controls. The ratio of labeled Na+/K+ transported to the shoots became greater both with increasing ratios of Na+/K+ in the nutrient solution and with root anoxia, so that there was approximately a 90 to 200 times increase in the ratio of labeled Na+ and K+ entering the shoot when the roots were anoxic.
Under aerobic conditions, there was a much greater net accumulation by roots of 42K+ than of 22Na+; this selectivity was impaired by anoxia (TableII (Fig. 2) . Essentially, the same results were obtained when we repeated the experiment, with 1.0 mM NaCl in the nutrient solution instead of 10 mM: the progressive increase in 22Na+ transport to shoots at 02 concentrations below 21 % again contrasted with the sharp decline in 42K+ transport when the 02 concentration was below 5% (data not shown).
Effects of Root Anoxia on Na and K Uptake and Transport with 10 to 200 mm NaCl. With 10 and 25 mM NaCl in the outer solution, anoxia had little effect on 22Na+ accumulation by the roots, but with greater NaCl concentrations there was somewhat more 22Na+ in the aerobic roots (Fig. 3) . Transport of 22Na+ to the shoots increased greatly when the roots were anoxic, at all concentrations of NaCl (Fig. 4) . In terms of the total (chemical) content of cations in the shoots, there were significantly larger concentrations of Na+ at all concentrations of NaCl compared with aerobic plants, while K+ concentration clearly decreased with anoxia (Table III) . It is also apparent that the Na+ concentration in shoots rose with the increase in external NaCl concentration. The ratio of total Na+/K+ was significantly increased by anoxia at all levels of NaCl, the magnitude of the change being appreciable when account is taken of the relatively large size of the plants before the imposition of only 30 h gassing treatment.
Accumulation of Na+ and K+ by the Mesocotyl. On a fresh weight basis, the mesocotyl accumulated 22Na+ (Table IV) to a much higher concentration than in the roots (compare Fig. 1 ). The affinity of the mesocotyl for 42K+ was similar to that of the root (compare Table IV and Fig. 1 ), and was much depressed when the roots were anoxic, presumably because of the inhibition of K+ transport to the xylem and thence flow through the mesocotyl to the shoot. Over a wide range of NaCl concentration, the mesocotyl retained the ability to accumulate large concentrations of 22Na+ (Table V) . The concentration in the mesocotyl is in excess of that in the roots (compare Fig. 3 ) without any indication of saturation, even at 200 mm. However, because of the small size of the mesocotyl, the amounts of Na+ retained in the tissue were small, and represented only 3 to 14% of that transported to the shoot. Effects of Root Anoxia and NaCl on Plant Growth. Anoxia consistently caused a depression of shoot and root growth (Tables  VI and VII) , with roots showing the greater sensitivity to anoxia at the higher range of NaCl concentrations. NaCl concentration had no effect in the lower concentration range (Table VI) , but between 10 and 200 mm, NaCl slowed growth, especially of the shoots (Table VII) .
DISCUSSION
The roots of the corn variety we used (Pioneer 3906) clearly retained the ability, over a wide range of NaCl concentrations (0.2 to 200 mM), to exclude Na+ from the shoot ( TableI, Table   III , Fig. 4) . With root anoxia, the exclusion mechanism broke down, allowing much greater 22Na+ movement into the shoot. Figure 1 . Bars indicate SE where these exceed symbol size. The percentage stimulation of 22Na4 movement into the shoots with root anoxia was very similar over the wide range of NaCl concentrations that we used. A consistent proportion of 22Na+ entering the roots seemed to be excluded from the shoots, without any indication of saturation ofthe exclusion mechanism even at the higher concentrations (Fig. 4) . These results contrast markedly with those for another variety, Limagrain 11 (LG 1 1), widely grown in Northwestern Europe and not usually exposed to salinity (4). With LG 11, root anoxia increased the transport of 22Nae to the shoots only at low concentrations of NaCl, 10 mM or less. At 40 mM, the exclusion mechanism apparently was 'saturated' or damaged by excess NaCl and anoxia then failed to increase Na+ movement to shoots. The Pioneer variety we used was much more effective in excluding 22Na+ from the shoot under aerobic conditions. The variety was bred in the Midwest and is not known to have been selected for resistance to salinity.
Although root anoxia increased 22Nae transport to the shoot in cv Pioneer 3906, it severely inhibited both 42K4 accumulation by the roots and 42K+ transport to the shoots (Table I, Fig. 2 (28) readily explain the interruption of K4 movement into the root. The inhibition of K4 transport to the shoot probably reflects both the greatly lowered concentration in the symplast of the root as well as an involvement of ATPase in 'loading' K4 into the xylem (25) .
For Na+, exclusion from the shoot may take place at several separate locations within the plant (14) . Except at low ambient concentrations, Na+ is actively extruded across the cell membrane by epidermal and cortical cells towards the outer solution (14, 26) , possibly in a H+/Na+ antiport (13, 14) , thereby helping maintain a low concentration of Na+ in the cytoplasm and a low rate of transfer to the xylem. Since Na+ exclusion from these cells would be energy-dependent, we might have expected to find an increased accumulation of Na4, but this was evident only at the lowest concentrations of NaCl (Table I , 0.2 and 1.0 mM), as it was with cv LG 11 (4) . At greater concentrations of NaCl, accumulation of Na4 by roots seemed remarkably insensitive to anoxia. This could suggest that active extrusion of Na4 was a minor factor in Na+ exclusion at these greater concentrations of NaCl, but it would be necessary to examine the partial fluxes (influx and efflux) in short-term experiments before any conclusion could be reached. Furthermore, gross analysis of 22Na4 content could possibly mask any changes in subcellular compartmentation.
Another potential location for exclusion ofNa+ from the shoot is at the plasmamembrane of the xylem parenchyma cells. In terms of loading of ions into the xylem, discrimination against Na4 relative to K4 is small (in roots of barley and onion, Table   3 .5 in Jeschke [14] ), but where Na4 reaches the xylem, resorption from the xylem sap is likely in the more basal (older) regions of the root (17, 29, 33) . In corn, the xylem parenchyma strongly accumulates Na4 (33) , but the cells are not highly vacuolate and the quantities of Na4 that could be retained in the xylem parenchyma cells must be limited. It remains to be determined whether there exists a symplastic, outwardly directed extrusion of Na4 from the xylem parenchyma to the outer solution.
A third location for Na4 exclusion is the mesocotyl, where Fig. 4 ). cells have a large capacity for retention of Na+ (Tables IV and  V) , attaining tissue concentrations comparable to those in the roots that are directly in contact with the ambient solution. The preference for accumulation of Na+ compared with K+ in this tissue has been noted earlier (15) . Despite the large concentrations of Na+, the total amounts that are intercepted by the mesocotyl represent only a small fraction of that reaching the shoot in 24 h, so that as a mechanism for protection ofthe shoot from excess Na+ it would seem to be of limited value. Root anoxia had little influence on 22Na+ accumulation by the mesocotyl, perhaps because of internal conduction of 02 to this tissue from the shoot.
One of the consequences of root anoxia was a large (90 to 200 times) increase in the ratio of labeled Na+/K+ entering the shoot (Table I; Fig. 2 ). Chemical analysis after 2 to 3 d anoxia recorded a gross overall increase of Na+/K+ ratios in the shoots (Table  III) , but the disturbance was probably more extreme in those leaves that were expanding and importing ions most rapidly. In glycophytes, Na+ can substitute to only a limited extent for K4 in cell physiology (7) and abnormal ratios interfere in enzyme activity and impair the structure and function of various membranes in the cell (19, 27, 32) . There was extreme discrimination against Na4 relative to K4 over a wide range of Na+/K+ ratios in the outer solution, both for ion accumulation by roots, and even more so for transport to shoots (Table II) . Root anoxia partially eliminated the discrimination against Na4 such that the ratio Na+/K+ entering the shoot became much closer to that for ions accumulated in the roots. In comparing the selectivity factors for the two varieties of corn, cv Pioneer 3906 discriminates more strongly against Na4 than does LG 11 when both are under aerobic conditions (allowance being made for the difference in solution K4 concentration in the two sets of experiments).
Transport of Nae and K+ to the shoot showed a differential sensitivity to 02 supply when the partial pressure decreased below ambient (21%), the increase in Na4 movement to the shoot becoming apparent for small reductions in 02 partial prsure an energy-requiring step linked to proton efflux pumping (2, 3, 25, 31) .
In conclusion, we suggest that the breakdown of the mechanism that excludes Na+ from the shoots when the roots become 02 deficient could be a contributory factor in the salinity damage of salt-sensitive plants in the field.
